To determine physiological roles of metabotropic glutamate receptors (mGluRs) affecting breathing, we examined the effects of (1S,3R)-1-aminocyclopentane-1,3-dicarboxylic acid (1S,3R-ACPD) on synaptic transmission and excitability of phrenic motoneurons (PMNs) in an in vitro neonatal rat brainstem/spinal cord preparation. The effects of 1S,3R-ACPD were multiple, including reduction of inspiratory-modulated synaptic currents and increase of neuronal excitability via an inward current (I acpd ) associated with a decrease of membrane conductance. The mechanism underlying synaptic depression was examined. We found that 1S,3R-ACPD reduced the frequency but not the amplitude of miniature excitatory postsynaptic currents. The current induced by exogenous AMPA was not significantly affected by 1S,3R-ACPD. These results suggest that 1S,3R-ACPD-induced reduction of inspiratory synaptic currents is mediated by presynaptic mGluRs. We also examined the ionic basis for I acpd . We found that I acpd had a reversal potential of approximately Ϫ100 mV, close to the estimated E K ϩ (Ϫ95 mV). Elevating extracellular [K ϩ ] to 9 mM reduced the I acpd reversal potential to Ϫ75 mV. The K ϩ channel blocker Ba 2ϩ induced an inward current with a reversal potential at Ϫ93 mV associated with a decrease of membrane conductance, closely resembling the effect of 1S,3R-ACPD. Moreover, Ba 2ϩ occluded 1S,3R-ACPD effects. In the presence of Ba 2ϩ , I acpd and the 1S,3R-ACPD-induced decrease of membrane conductance were diminished. Our data indicate that the dominant component of I acpd results from the blockade of a Ba 2ϩ -sensitive resting K ϩ conductance. We conclude that the activation of mGluRs affects the inspiratory-modulated activity of PMNs via distinct mechanisms at pre-and postsynaptic sites.
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Glutamate, acting via ionotropic receptors, is the principal fast excitatory neurotransmitter in the mammalian CNS. Glutamate also modulates neuronal excitability by activation of metabotropic glutamate receptors (mGluRs), which couple through GTPbinding proteins to intracellular second messenger cascades (Sladeczek et al., 1985; Sugiyama et al., 1987; Cartmell et al., 1992; Schoepp et al., 1992; Winder and Conn, 1992) . There are at least eight subtypes of mGluR with distinct pharmacological profiles and second messenger activities (Houamed et al., 1991; Masu et al., 1991; Abe et al., 1992; Tanabe et al., 1992 Tanabe et al., , 1993 Nakajima et al., 1993; Okamoto et al., 1994) . mGluRs therefore may play a complex role in regulation of synaptic transmission in the CNS. This is apparent in examining the effects of a broad spectrum agonist, trans-(Ϯ)-1-aminocyclopentane-1,3-dicarboxylic acid (trans-ACPD), on neuronal function. In hippocampal neurons, trans-ACPD increases neuronal excitability (Charpak et al., 1990; Desai and Conn, 1991) by inhibiting several K ϩ conductances, including a voltage-gated, a Ca 2ϩ -activated, and a Ba 2ϩ -sensitive tonically activated K ϩ conductance (Charpak et al., 1990; Guerineau et al., 1994) . Activation of mGluRs can also attenuate synaptic transmission in, for example, hippocampus (Koerner and Cotman, 1981; Yamamoto et al., 1983; Forsythe and Clements, 1990; Baskys and Malenka, 1991; Gereau and Conn, 1995) , nucleus of the tractus solitarius , cerebellum (Llano and Marty, 1995) , and striatum (Lovinger and McCool, 1995) ; the responsible mGluRs may be located presynaptically.
The diversity of mGluR actions may provide a wide dynamic range for modulation of neuronal excitability. Although information is accumulating from studies that examine actions of mGluRs in slice preparations McBain et al., 1994) , the functional and physiological roles of mGluR action in identified neurons with measurable behaviors warrants investigation. We therefore examined the effects of mGluR activation on phrenic motoneurons (PMNs), which innervate the diaphragm and retain spontaneous endogenous inspiratory-modulated synaptic inputs in an in vitro brainstem/spinal cord preparation (Smith and Feldman, 1987) . The transmission of inspiratory drive to PMNs is mediated by an excitatory amino acid (EAA), presumably glutamate (McCrimmon et al., 1989; Liu et al., 1990 ) acting primarily at non-NMDA receptors (Liu et al., 1990; Feldman and Smith, 1994) , allowing us to study mGluR actions at an identified, endogenously driven glutamatergic synapse onto a functionally identified neuron. We determined actions of mGluRs on PMN excitability by examining the effects of an mGluR agonist on endogenous inspiratory-modulated synaptic currents and postsynaptic membrane properties. To investigate possible mechanisms underlying mGluR actions on synaptic transmission, we analyzed the frequency and amplitude of miniature excitatory postsynaptic currents (mEPSCs). We also examined ionic currents underlying mGluR actions on membrane properties by using channel blockers and ion manipulation. We then investigated the functional consequence of mGluR activation by examining the effects on neuronal firing behavior.
Preliminary reports of this work have been published previously in abstract form Morin et al., 1994) .
MATERIALS AND METHODS
En bloc preparation. Experiments were performed on in vitro preparations of brainstem and spinal cord from 0-to 4-d-old neonatal rats. Results reported were obtained from 65 preparations (11, day 0; 21, day 1; 19, day 2; 10, day 3; and 4, day 4). Details of the preparation have been described (Smith and Feldman, 1987; Liu et al., 1990; Dong and Feldman, 1995) . In brief, the brainstem and cervical spinal cord were isolated from 0-to 4-d-old ether-anesthetized Sprague-Dawley rats. The en bloc neuraxis was pinned down with ventral surface upward on Sylgard resin in a recording chamber and superfused continuously with normal artificial cerebrospinal fluid (aCSF) containing (in mM): 128 NaCl, 3 KCl, 1.5 CaCl 2 , 1.0 MgSO 4 , 21 NaHCO 3 , 0.5 NaH 2 PO 4 , and 30 D-glucose, equilibrated with 95% O 2 /5% CO 2 . The bath temperature was gradually raised from 18 -20ЊC (for isolation) to 25-26ЊC before recording.
Electrophysiology. Respiratory activity was recorded with suction electrodes from the C 4 ventral root, which contains PMN axons, and sometimes simultaneously from cranial nerves (X, XII). Signals were amplified (Grass P511K; Grass Instrument, Quincy, MA), rectified, and low-pass filtered (Paynter filter; ϭ 15 msec).
Electrodes for whole-cell patch-clamp recordings were pulled from aluminosilicate glass (A-M Systems, Everett, WA) with tip size ϳ2 m and resistance 3.5-5.0 M⍀ when filled with solution containing (in mM): 120 K ϩ -gluconate, 1 CaCl 2 , 5 NaCl, 10 HEPES, 2 ATP (magnesium salt), 10 1,2-bis-(2-aminophenoxy) ethane-N,N,NЈ,NЈ-tetra-acetic acid (BAPTA) (tetrapotassium salt), pH 7.3, adjusted by KOH. Successful whole-cell recording was assured by the initial formation of gigaohm seal (2-10 G⍀) and low series resistance (R S ; 8 -15 M⍀). R S was estimated using 100 Hz, Ϫ10 mV, 5 msec voltage pulses. When in voltage-clamp mode, a 60 -80% R S compensation was used. During the experiment, R S was checked frequently, and data were discarded if large increases occurred during the course of the recording. Cells were voltage-clamped at the end-expiratory potentials of Ϫ60 to Ϫ75 mV. Data obtained from cells displaying fast Na ϩ currents during inspiration (indicative of poor voltage control over the inspiratory-modulated synaptic current) were not included in the analysis. Signals were amplified with a patch-clamp amplifier (Axopatch 1D/or Axopatch 200, Axon Instruments, Foster, CA) and filtered at 2-5 kHz (Bessel filter).
Current-voltage (I-V) relations were obtained by applying a series of command voltage step pulses (step size, 2-5 mV; width, 100 -200 msec; frequency, 2 Hz) controlled by software (Axodata, Axon Instruments). I-V curves were obtained by plotting current change (averaged steadystate current values at 5-10 msec before offset of voltage step) against membrane potential. Because most PMNs did not exhibit slow timedependent membrane properties over the testing voltage range and the membrane current reached steady state at 50 msec after the onset of the voltage pulse (see Fig. 5C ), steady-state current could be obtained using voltage pulses with width Ն100 msec. Membrane potentials (V m ) were adjusted for liquid junction potentials (Ϫ10 mV for the solution contained in the recording electrode). Neuron input conductance (G N ) was calculated at holding potential (Ϫ60 to Ϫ75 mV) from the slope of a least-squares regression line fitted to the data.
Repetitive firing properties were examined using current pulses (0.4 nA; 1 sec) during the expiratory phase. Instantaneous firing frequency was calculated as the reciprocal of the interspike interval.
Neurons subjected to experimental measurements and data analysis satisfied the criteria described previously (Liu et al., 1990; Lindsay and Feldman, 1993) . Briefly, these neurons had resting membrane potentials of at least Ϫ60 mV and displayed rhythmic synaptic drive currents in synchrony with the inspiratory burst activity on the C 4 ventral root. These neurons were located at intermediate laterality and 130 -300 m below the ventral surface at the C 4 segment, consistent with the location of the PMN pool in neonatal rats (Lindsay et al., 1991) . Axons of these neurons were contained in C 4 ventral root, indicated by antidromic activation by stimulating the C 4 nerve through the suction electrode. Moreover, their other intrinsic properties, such as input resistance, were consistent with the measurements made in neurons identified as PMNs (Smith et al., 1988) .
Pharmacological substances and application. The drugs used in our experiments included 1S,3R-ACPD (RBI, Natick, MA) (5-500 M); (R,S)-␣-methyl-4-carboxyphenylglycine (MCPG) (Tocris Cookson, St. Louis, MO) (0.2-5 mM); 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (Tocris Cookson) (100 M); (ϩ)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-iminemaleate (MK-801) (RBI) (250 M); AMPA (RBI) (50 M), and tetrodotoxin (TTX) (Sigma, St. Louis, MO) (1 M).
Experiments were performed while the preparations were perfused with normal aCSF solution, as described above. For blocking chemical synaptic transmission, a Ca 2ϩ -free (0 mM), high-Mg 2ϩ (2.5 mM) solution was prepared with equimolar substitution of MgCl 2 for CaCl 2 . For experiments using the K ϩ channel blocker Ba 2ϩ , a modified aCSF solution was used to avoid precipitation, containing (in mM): 139 NaCl, 3 KCl, 1.5 CaCl 2 , 1.0 MgCl 2 , 10 Na-HEPES, 0.5 NaH 2 PO 4 , and 30 D-glucose, pH 7.3, adjusted by HCl. BaCl 2 (2 mM) was added to the solution after control data were collected. In experiments to manipulate the K ϩ -reversal potential, a perfusion solution with elevated K ϩ (9 mM) was prepared by equimolar substitution of KCl for NaCl.
Drugs were added to the spinal cord bath and/or applied locally via a glass pipette over the spinal cord region containing the PMN pool. Bath application was used to determine the minimum concentrations required for drug action and to perform dose-response tests. When this drug administration technique was used, the bath chamber was partitioned into two compartments at the level of the spinomedullary junction by a transverse barrier of petroleum jelly (Vaseline) across the neuraxis. This allowed selective drug application to the spinal cord so as to affect synaptic transmission at the spinal level without disturbing processes at the brainstem level, where the descending inspiratory motor drive originated. Drugs were added to the spinal compartment at concentrations starting from the minimum necessary to induce a clear change in C 4 root activity, and 6 -8 min was allowed for equilibrium.
Vaseline, necessary for partition, often caused difficulty in obtaining good seals for patch recording. Thus, when such recordings were desired, test agents were applied locally in an unpartitioned chamber via pressure ejection from single or multibarrel electrodes positioned close to the ventral surface of the spinal cord over the PMN pool (Liu et al., 1990) . Each barrel had an orifice of 8 -10 m and was filled with a drug solution or saline (or aCSF). Application of drugs was controlled by brief air pressure pulses to the appropriate drug barrel. Control injections were made by ejecting saline or aCSF.
In experiments examining drug specificity with C 4 root recording, bath application of an antagonist was combined with local application of an agonist. After the effect of a locally applied agonist was examined, an antagonist was added to the spinal compartment and then the agonist was tested again. The application of antagonist began at least 2 min before agonist application and continued during the agonist test. The observed change attributable to a test drug acting at a spinal site rather than at a supraspinal site was indicated by unchanged respiratory rate recorded from C 4 root and unchanged amplitude recorded from cranial nerves (X, XII).
Data acquisition and analysis. Data were recorded on videotape via pulse code modulation (Vetter model 3000, A.R. Vetter, Rebersburg, PA) (sampled at 10 -40 kHz per channel) for off-line analysis. Selected segments of records were digitized at 5-25 kHz using an analog-to-digital converter and stored on a Vaxstation 3200 computer disk (Digital Equipment, Maynard, MA) for subsequent computer-aided analysis.
For analysis of changes of the respiratory drive, the average values of peak amplitude and area under the envelope of inspiratory-modulated synaptic current or integrated C 4 ventral root discharges were computed from respiratory cycles before and after drug application. Statistical values are reported as means Ϯ SEM. Differences between means were assessed by Student's t test, and a value of p Ͻ 0.05 was considered significant.
For analysis of perturbations of frequency and amplitude of mEPSCs, the data were first filtered using a Wiener (optimal) filter (Press et al., 1989; Barkat, 1991) , which greatly attenuates background noise without significantly affecting the characteristics of the original signal (Liu and Feldman, 1992) . Events were detected using a threshold detector. Then, under visual inspection, events above noise level were collected for data analysis. The reliability of detection of unitary events was assured by a high signal-to-noise ratio (Ͼ2.2) (Liu and Feldman, 1992) ; the amplitudes of mEPSCs were well above noise level in each cell tested. We did not observe any presumptive mEPSCs of size below 2.2 times the mean noise level. We therefore assume that we detected any spontaneous EPSCs. To ensure identical voltage control before and after drug treatment so that the error in amplitude measurement attributable to inadequate space clamp would be similar under these two conditions, the series resistance was monitored, and data were discarded if significant increases occurred during the course of the recording. All collected EPSCs were then subject to analysis. For each condition, cumulative probability distribution histograms for interval and amplitude were constructed. Statistical significance for the difference between distributions was assessed by the KolmogorovSmirnov test (Van der Kloot, 1991) , and a value of p Ͻ 0.05 was considered significant.
RESULTS

1S,3R-ACPD-induced bimodal changes in respiratory motor output
In the brainstem/spinal cord preparation, C 4 ventral roots (which contain PMN axons) display spontaneous periodic bursts of discharges representing PMN population activity during the inspiratory phase of the respiratory cycle (Fig. 1A) . To determine the effects of the mGluR agonist 1S,3R-ACPD on the activity of PMNs, 1S,3R-ACPD was applied to the PMN pool by spinal bath (5-50 M) or local (50 -500 M) application (see Materials and Methods). At low concentrations (5-10 M, bath; 50 -100 M, local), 1S,3R-ACPD slightly but consistently reduced inspiratory bursts in C 4 ventral roots (n ϭ 7) (Fig. 1B) . The maximum reduction (9 Ϯ 5%) was achieved at 5 M 1S,3R-ACPD (bath). The reduction then declined with increasing concentration. Further elevation of 1S,3R-ACPD concentration (Ͼ10 M, bath; Ͼ100 M, local) produced dose-dependent increases in the C 4 inspiratory discharge (n ϭ 16) (Fig. 1A,B) . The integrated C 4 root discharge was significantly increased to 117 Ϯ 9% of control (n ϭ 7) at 20 M 1S,3R-ACPD (bath). At concentrations Ն50 M (bath) or Ն500 M (local), 1S,3R-ACPD induced tonic activity in the C 4 ventral roots, obscuring the rhythmic inspiratory activity (Fig. 1A) ; quantifying changes in inspiratory discharges became difficult at higher concentrations, and no further analysis was performed. Responses to 1S,3R-ACPD began with one respiratory cycle (Ͻ10 sec) after pressure ejection and took ϳ1 min to peak (Fig. 1C) . With washout, C 4 root activity returned to control level within 6 -8 min (Fig. 1C) . There was no change in respiratory frequency with 1S,3R-ACPD application to the spinal cord.
1S,3R-ACPD effects were blocked by MCPG, a competitive mGluR antagonist (Eaton et al., 1993; Jane et al., 1993) . After MCPG addition to the spinal cord bath (Ͼ7 min), the effect of local application of 1S,3R-ACPD was attenuated, albeit at high concentrations of MCPG. At concentrations Ն800 M (bath), MCPG fully blocked the effect of 200 M 1S,3R-ACPD (local) on inspiratory discharges in C 4 root (Fig. 2) . Tonic activity in the C 4 root appeared at higher concentrations of 1S,3R-ACPD (Ͼ1 mM, local). Interestingly, with the same concentration of MCPG in the bath, 1S,3R-ACPD at high concentration (0.8 -1.0 mM, local) produced some degree of reduction of inspiratory discharges in the C 4 root (data not shown). 
1S,3R-ACPD increased excitability of PMNs
To examine the cellular events underlying changes in C 4 root activity induced by 1S,3R-ACPD, whole-cell patch-clamp recordings were made from PMNs (n ϭ 6) in current-clamp mode. PMNs display spontaneous periodic membrane depolarizations and associated spiking during the inspiratory phase of respiratory cycle in synchrony with bursting activity on the C 4 ventral root (Fig. 3A) (Liu et al., 1990) . The number of action potentials ranged from 1 to Ͼ12 per inspiratory phase between neurons, consistent with previous observations (Lindsay and Feldman, 1993) .
Local application of 1S,3R-ACPD (200 M) depolarized PMNs by 11 Ϯ 5 mV (n ϭ 6) and produced an increase in the number of action potentials during the inspiratory phase (5/6 cells) (Fig. 3A) . The magnitude of the 1S,3R-ACPD effect on firing varied among PMNs as a function of their firing behaviors. In general, 1S,3R-ACPD caused a greater increase in both number of spikes and firing frequency on those motoneurons that fired fewer action potentials and/or on those with lower frequency in control conditions. The motoneurons with more action potentials and/or with higher frequency were less affected, even unchanged. The frequency of inspiratory-modulated firing after 1S,3R-ACPD application ranged from 10 to 27 Hz (mean, 18 Ϯ 7 Hz; n ϭ 5), compared with 2-20 Hz (mean, 10 Ϯ 9 Hz; n ϭ 6) under control conditions. Both changes in membrane potential and inspiratory firing frequency were significant. At concentrations Ͼ500 M, locally applied 1S,3R-ACPD caused tonic firing of action potentials during the expiratory phase (data not shown).
The increase in PMN excitability by 1S,3R-ACPD was also indicated by enhanced repetitive firing in response to current pulses injected during the expiratory phase. In the presence of 1S,3R-ACPD, the number of evoked spikes increased (6/6 cells) (Fig. 3B) .
Differential actions of 1S,3R-ACPD on inspiratorymodulated synaptic current and baseline membrane current of PMNs
To elucidate the mechanisms underlying the change in cell excitability induced by 1S,3R-ACPD, the effects of 1S,3R-ACPD on membrane currents of PMNs were examined under voltage-clamp conditions (n ϭ 29). PMNs exhibit large, fast-rising and slowdeclining inspiratory-modulated inward currents (Fig. 4A,D) (Liu et al., 1990) . In each cell, 1S,3R-ACPD (50 -500 M, local) caused a decrease in this current when the membrane potentials were clamped at the end-expiratory potentials (Ϫ60 to Ϫ75 mV) (Fig.  4A-C) . With local application of 1S,3R-ACPD (200 M), peak current and charge transfer (integrated area under the current envelope) of inspiratory drive significantly decreased to 73 Ϯ 7% and 70 Ϯ 5% (n ϭ 8) of control, respectively. The time course for onset and recovery of 1S,3R-ACPD action on PMN synaptic current was similar to that for C 4 root activity, but the maximal effect occurred sooner (Ͻ1 min) (Fig. 4C) .
Concurrent with the decrease in inspiratory current, a tonic inward current (I acpd ) (50 -200 pA) was produced by 1S,3R-ACPD (50 -500 M, local) (Fig. 4A) , accompanied by an increase of baseline noise (Figs. 4A, 5A,B) .
The effects of 1S,3R-ACPD were blocked by the antagonist MCPG ( Fig. 4D-F) . The reduction of peak inspiratory current induced by 200 M 1S,3R-ACPD (local) was 8 Ϯ 5% (n ϭ 6) in the presence of MCPG (5 mM, local) (Fig. 4F ), compared with a ϳ30% reduction induced by 1S,3R-ACPD alone (Fig. 4A-C) . No detectable inward current was induced by 1S,3R-ACPD (200 M, local) in the presence of MCPG (5 mM, local) (Fig. 4D) .
To determine whether I acpd and the accompanying baseline noise increase resulted from a direct postsynaptic action on PMNs or from an increase of synaptic activity, 1S,3R-ACPD was applied after blockage of voltage-dependent Na ϩ currents with TTX (1 M). 1S,3R-ACPD continued to produce inward current (17/17 neurons) (Fig. 5A ) and elevated baseline noise. Furthermore, these effects were maintained with a Ca 2ϩ -free, high-Mg 2ϩ (2.5 mM) bath solution that inhibits chemical synaptic transmission (n ϭ 2; not shown).
1S,3R-ACPD at high concentrations can activate ionotropic glutamate receptors (Schoepp et al., 1990) . To identify the receptors transducing the inward current, 1S,3R-ACPD was applied in the presence of ionotropic glutamate receptor antagonists added to the bathing solution; an inward current persisted after concurrent CNQX (100 M) and MK-801 (250 M) application (n ϭ 3) (Fig. 5B) .
The membrane I-V relationship was examined before and after 1S,3R-ACPD application (Fig. 5C ). The I-V relationship for the 1S,3R-ACPD-induced inward current (Fig. 5E ) was obtained by subtracting the I-V relationship during 1S,3R-ACPD treatment from that obtained under control conditions (Fig. 5D) . The I acpd decreased linearly with hyperpolarizing potentials (Fig. 5E) . A reversal potential of Ϫ102 Ϯ 6 mV for I acpd was demonstrated in 7 of 12 PMNs within the testing voltage range (Ϫ40 to Ϫ120 mV). The I-V relationships also revealed a decrease in input conductance during 1S,3R-ACPD treatment, indicated by the reduced slope of the I-V curve (Fig.  5D) . The membrane input resistance at resting potential (Ϫ60 to Ϫ75 mV) increased to 138 Ϯ 7% of control (n ϭ 7). In the other five cells, I acpd did not reverse within the tested voltage range. The membrane input resistance in these cells was also increased, but to a lesser degree (125 Ϯ 11%, n ϭ 5). 
Presynaptic action of 1S,3R-ACPD is responsible for reduction of synaptic current
To investigate the mechanisms underlying 1S,3R-ACPD-induced decrease in synaptic current, we examined the effect of 1S,3R-ACPD on the amplitude and frequency of mEPSCs. After treatment with TTX (1 M, bath), PMNs exhibit spontaneous mEPSCs (Liu and Feldman, 1992; Dong and Feldman, 1995) (Fig. 6 A) . These events were collected from a 20 -25 min control period and then during drug application (25-30 min). The mEPSC peak amplitude and the time interval between successive EPSCs were used to construct cumulative amplitude and interval histograms (Fig. 6B,C) .
1S,3R-ACPD (50 M, bath) caused a significant decrease in the mean frequency of mEPSCs (n ϭ 5; 31 Ϯ 12%; p Ͻ 0.05) (Fig.  6D ). An example of the cumulative interval histograms showing the decrease of EPSC frequency is given in Figure 6B . The decrease is indicated by the shift of the interval histogram under 1S,3R-ACPD condition toward longer values compared with the control histogram. In contrast, the amplitude of mEPSCs was not altered significantly (96 Ϯ 8% of control value) by 1S,3R-ACPD (Fig. 6D) . Figure 6C shows unshifted cumulative amplitude histograms.
The lack of action of 1S,3R-ACPD on AMPA receptors was confirmed. Our previous studies indicate that the transmission of excitatory inspiratory drive from bulbospinal inspiratory neurons to PMNs is mediated by an EAA (McCrimmon et al., 1989; Liu et al., 1990 ) acting principally at postsynaptic non-NMDA receptors (Liu et al., 1990; Feldman and Smith, 1994) . Therefore, AMPA was used to elicit membrane current in PMNs isolated by TTX. Brief local application (1 sec) of 50 M AMPA produced an inward current with peak amplitude 300 -500 pA (n ϭ 4). This AMPA-induced current was unaffected by 1S,3R-ACPD (50 M, bath), with its magnitude at 95 Ϯ 8% (n ϭ 4) of control value (Fig. 6E,F) .
Ionic basis of 1S,3R-ACPD-induced inward current
Our findings suggest a K ϩ conductance as the principal source of the 1S,3R-ACPD-induced inward current. First, I acpd has a reversal potential close to the estimated K ϩ equilibrium potential (E K ϩ). Second, I acpd decreased with hyperpolarizing potentials, presumably by virtue of the reduced driving force for K ϩ at potentials closer to E K ϩ. Third, I acpd was associated with a decrease in conductance. We further examined the involvement of K ϩ conductances in the induction of I acpd by testing the effect of changing extracellular [K ϩ ] on the reversal potential of I acpd . The same protocol (compare Fig. 5C -E) was used to determine the I-V relations for I acpd in a normal perfusion solution (3 mM K ϩ ) and in a perfusion solution with raised [K ϩ ] (9 mM). In 3 mM K ϩ solution (n ϭ 4), I acpd reversed at a membrane potential of Ϫ101 Ϯ 5 mV. When extracellular [K ϩ ] raised to 9 mM, I acpd reversed at Ϫ75 Ϯ 7 mV, a 26 mV depolarizing shift (Fig. 7) (Jones, 1989; Hille, 1992) . Numerous pharmacological manipulations (Bayliss , 1992; Fisher and Nistri, 1993; Guérineau et al., 1995) , including application of mGluR agonists (Charpak et al., 1990; Guérineau et al., 1994 Guérineau et al., , 1995 , affect Ba 2ϩ -sensitive K ϩ leak currents. We examined the possibility that blockage of a K ϩ conductance underlies I acpd by testing (1) whether Ba 2ϩ induces an inward current similar to I acpd and (2) whether Ba 2ϩ affects I acpd . Ba 2ϩ (2 mM, bath) produced a persistent inward current (voltage-clamp) or depolarization (current-clamp). This was accompanied by a remarkable decrease in membrane conductance (Fig. 8A) . Hyperpolarizing voltage steps from the end-expiratory potential (Ϫ70 mV) to Ϫ130 mV were used to generate I-V plots. A substantial increase (187 Ϯ 12%, n ϭ 4) in input resistance by Ba 2ϩ was apparent, indicated by the decreased slope of I-V plot (Fig. 8A) . The I-V relationship of the Ba 2ϩ -induced inward current (I Ba ) indicated that this current decreased with hyperpolarization and reversed at V m approximately Ϫ93 Ϯ 5 mV (n ϭ 4) (Fig. 8B) , which is close to the presumed E K ϩ.
In the presence of Ba 2ϩ , 1S,3R-ACPD still induced some inward current (32 Ϯ 8 pA, n ϭ 3) near resting membrane potentials (Ϫ60 to Ϫ70 mV), but the magnitude of I acpd was reduced in half (71 Ϯ 11 pA, n ϭ 3) (Fig. 8C,D) . Ba 2ϩ also attenuated the increase in input resistance by 1S,3R-ACPD (12 Ϯ 6%, n ϭ 3), compared with a 38% increase in the absence of Ba 2ϩ . The I-V relationship of the Ba 2ϩ -sensitive component of I acpd (Fig. 8E) On the other hand, the residual Ba 2ϩ -resistant component of I acpd had a different I-V relationship curve (Fig. 8E) . It did not reverse within the test-voltage range.
DISCUSSION
Activation of mGluRs by 1S,3R-ACPD modulates endogenous synaptic transmission and postsynaptic membrane properties of PMNs. The actions induced by 1S,3R-ACPD are multiple, including presynaptic inhibition of synaptic transmission and an increase in postsynaptic membrane excitability via a mechanism involving depolarization and/or generation of inward current, associated with a decrease in membrane conductance. The net result of these differential actions of generic activation of mGluRs on PMNs (under our experimental conditions) is a decrease at low concen- trations and an increase at higher concentrations in inspiratorymodulated motor output.
Presynaptic action of 1S,3R-ACPD underlies depression of synaptic current
1S,3R-ACPD decreased the amplitude of inspiratory-modulated synaptic currents in PMNs. The inspiratory-modulated synaptic current is composed of many unitary EPSCs. Changes in either the amplitude or the frequency of unitary EPSCs could produce this change of inspiratory synaptic current. We assumed that changes in mEPSC amplitude could be caused by postsynaptic actions of test drugs, whereas changes in mEPSC frequency are solely the consequence of presynaptic actions (Fatt and Katz, 1952; Redman, 1990; Kullmann and Siegelbaum, 1995) . Several lines of evidence suggest that the 1S,3R-ACPD-induced reduction of inspiratory current is mediated by mGluRs located on the presynaptic terminals of bulbospinal inspiratory neurons onto PMNs.
First, because neither mEPSC amplitude nor response to exogenous AMPA was changed by 1S,3R-ACPD, the postsynaptic membrane sensitivity to the endogenous transmitter was likely unaffected. Transmission of inspiratory drive from bulbospinal neurons to PMNs is mediated by an EAA acting primarily at non-NMDA receptors (Liu et al., 1990) . We presume that the response to exogenously applied AMPA represents activation of a superset of AMPA receptors, including those that mediate the synaptically generated AMPA component of the EPSCs. Thus, if the decrease of synaptic current was attributable to 1S,3R-ACPD reducing the sensitivity of postsynaptic EAA receptors, both the There was some inward current (ϳ50 pA) after 1S,3R-ACPD treatment, as indicated by the baseline shift (dotted line). B, Cumulative interval (Intvl) histograms of mEPSCs from the cell represented in A before (915 events, gray curve) and after (609 events, black curve) bath application of 1S,3R-ACPD. 1S,3R-ACPD induced a significant ( p Ͻ 0.01) rightward shift in cumulative distribution of mEPSC intervals (i.e., the decrease in mEPSC frequency). C, Cumulative amplitude (Amp) histograms of mEPSCs from the same data sets as in B. Note that there was no significant ( p Ͼ 0.05) difference in the amplitude distributions between control and 1S,3R-ACPD conditions. Statistical significance for the difference between distributions was assessed by the Kolmogorov-Smirnov test. D, Summary of 1S,3R-ACPD effects on the amplitude (Amp) and frequency (Freq) of mEPSCs from five PMNs. Each value (mean Ϯ SEM) was obtained by averaging the percentage changes of mean amplitude or interval (as the reciprocal of frequency) from five cells. Vertical bars, SEM; asterisk, significant difference ( p Ͻ 0.05; t test) from control values. E, Inward currents induced by local application of 50 M AMPA in the absence or presence of 1S,3R-ACPD. AMPA was applied by 1 sec brief pressure ejection from a micropipette. Bath application of 1S,3R-ACPD (50 M) began 7 min before AMPA application and continued during the course of AMPA test. Note that 1S,3R-ACPD had no detectable effect on AMPA-induced currents. Experiments were performed with TTX (1 M; bath). F, Pooled data from four PMNs show lack of effect of 1S,3R-ACPD on the current response to exogenous AMPA.
amplitude of mEPSCs and the current induced by AMPA should have been reduced by 1S,3R-ACPD. Our observations to the contrary suggest that the 1S,3R-ACPD depression of synaptic current was not the result of a postsynaptic action on ionotropic glutamate receptors.
Second, 1S,3R-ACPD reduced the mEPSC frequency. Because mEPSC frequency is dependent on transmitter release probability (Fatt and Katz, 1952; Redman, 1990) , its reduction indicates a presynaptic site of action. Thus, 1S,3R-ACPD decreases transmitter release from bulbospinal presynaptic terminals on PMNs. We recognize that a change in the behavior of hypothesized silent synapses might contribute to a change of mEPSC frequency (Kullmann, 1994; Isaac et al., 1995; Kullmann and Siegelbaum, 1995; Liao et al., 1995) . If 1S,3R-ACPD acted via change in silent synapses, we would expect to (but did not) see a decrease in amplitude of both mEPSCs and the current response to exogenous AMPA (attributable to reduction of available postsynaptic AMPA receptors).
The mechanisms underlying the presynaptic action of 1S,3R-ACPD are not known. Inhibition of transmitter release from presynaptic terminals may result from the reduction of presynaptic Ca 2ϩ influx directly or indirectly via channels (i.e., K ϩ or Na ϩ channels) determining action potential duration (Nicoll et al., 1990) . Inhibition of voltage-dependent Ca 2ϩ currents after mGluR activation occurs in neuronal soma (Lester and Jahr, 1990; Sayer et al., 1992; Trombley and Westbrook, 1992; Swartz et al., 1993; Chio and Lovinger, 1996) . Whether a similar mechanism underlies the presynaptic inhibitory action of the mGluR agonists is unknown. In support of this hypothetical mechanism, the effects of mGluR activation on both Ca 2ϩ currents and synaptic transmission seem to be coupled by similar second messenger systems (Trombley and Westbrook, 1992; Swartz et al., 1993; Stefani et al., 1994) . Moreover, the inhibitory action of 1S,3R-ACPD on synaptic currents is occluded by voltage-dependent Ca 2ϩ channel blockers (Stefani et al., 1994; Glaum and Miller, 1995) . Furthermore, reduction of evoked presynaptic Ca 2ϩ influx in the presence of an mGluR agonist is correlated with suppression of EPSPs (Yoshino and Kamiya, 1995) . These findings suggest that reduction of Ca 2ϩ influx may underlie the presynaptic action of mGluRs.
Another possible mechanism is direct modulation of the exocytotic machinery influencing the availability of vesicles or their probability of release (Hayashi et al., 1993) . We found that 1S,3R-ACPD was effective in reducing the frequency of spontaneous mEPSCs when presynaptic action potentials were blocked (with TTX), consistent with observations in hippocampal (Maki et al., 1994) and striatal (Tyler and Lovinger, 1995) neurons. These spontaneous mEPSCs seem independent of presynaptic Ca 2ϩ influx, as indicated by their persistence in the presence of Ca 2ϩ channel blockers (Scanziani et al., 1992; Scholz and Miller, 1992) . Thus, the inhibition of presynaptic Ca 2ϩ currents does not seem obligatory for the reduction of transmitter release by 1S,3R-ACPD. 1S,3R-ACPD may inhibit transmitter release by interfering with the secretion cascade subsequent to presynaptic Ca 2ϩ influx. Such a mechanism could also underlie 1S,3R-ACPDinduced inhibition of evoked transmitter release.
Mechanism underlying 1S,3R-ACPD-induced increase in excitability
1S,3R-ACPD also induced an increase in PMN excitability characterized by enhanced firing in response to either inspiratorymodulated synaptic or injected current. The underlying mechanism involves an inward current with an associated increase in input resistance. The 1S,3R-ACPD-induced current (I acpd ) reversed at V m approximately Ϫ100 mV, close to the estimated E K -sensitive component of I acpd . We assume that some other conductances are involved in this second component of I acpd . The charge carrier for this component is not clear and remains to be examined. The fact that this current did not reverse within the test-voltage range suggests the involvement of an ion current with an equilibrium potential far from resting potential. Because I acpd contains this second current, the I-V curve of total I acpd displays a downward shift relative to that of Ba 2ϩ -sensitive current. Accordingly, the reversal potential of I acpd is more negative (approximately Ϫ100 mV) than the estimated E K ϩ. This second component might be more profound in the cells showing no reversal potential of I acpd . Thus, the resultant downward shift of the I-V relationship of I acpd in these cells would be even greater, and consequently the reversal potential shifted beyond the test-voltage range. These cells might belong to a distinct group of PMNs (Cameron et al., 1984; C. Su and J. Feldman, unpublished observations) .
We conclude that a Ba 2ϩ -sensitive K ϩ component along with a Ba 2ϩ -resistant component underlies the inward current induced by 1S,3R-ACPD. One consequence of the inhibition of a tonic K ϩ conductance is an increase in cell excitability. Because this conductance contributes to the resting membrane potential, its inhibition by 1S,3R-ACPD results in membrane depolarization, which brings the PMN closer to firing threshold. In addition, the accompanying increase in membrane resistance increases the gain between synaptic current and membrane depolarization. Thus, 1S,3R-ACPD facilitates the production of action potentials in response to depolarizing inputs; for PMNs, this means more action potentials for a given inspiratory-modulated synaptic drive.
Possible mechanism and role of multiple actions of mGluRs in modulating synaptic transmission
Activation of mGluRs by 1S,3R-ACPD exerts multiple effects on PMNs. A presynaptic action reduces transmitter release, which provides a negative (autoregulatory) feedback, whereas a postsynaptic action enhances the efficiency of synaptic transmission.
How are these different actions mediated? The mGluR family consists of at least eight distinct receptor subtypes: mGluR1-mGluR8 (Houamed et al., 1991; Masu et al., 1991; Abe et al., 1992; Tanabe et al., 1992; Nakajima et al., 1993; Tanabe et al., 1993; Okamoto et al., 1994; Duvoisin et al., 1995) . Multiple mGluR mRNAs are present in single neurons (Saugstad et al., 1994) . Because 1S,3R-ACPD is a broad spectrum exogenous agonist interacting with each subtype, its diverse actions may result from activation of several receptor subtypes at different loci. We conclude that 1S,3R-ACPD exerts its facilitatory action on PMNs by inhibiting a postsynaptic resting K ϩ conductance. If the same mechanism underlies its presynaptic action, synaptic transmission should be enhanced rather than suppressed, as we observed. Apparently, 1S,3R-ACPD-induced pre-and postsynaptic actions involve different mechanisms, suggesting the involvement of different receptor subtypes. The observation that the K ϩ channel blocker Ba 2ϩ did not alter 1S,3R-ACPD-induced depression of the synaptic transmission (Baskys et al., 1993) further supports this notion.
L-AP4, an mGluR4 agonist (Tanabe et al., 1993) , depresses inspiratory-modulated synaptic drive to PMNs via a presynaptic action (Liu et al., 1990) . We now find that 1S,3R-ACPD inhibits . 1S,3R-ACPD produced an inward current and increased input resistance in the absence of Ba 2ϩ (C). In the presence of Ba 2ϩ , the magnitude of inward current and the degree of the increase in input resistance by 1S,3R-ACPD was greatly attenuated (D). E, I-V plots for Ba 2ϩ -sensitive and Ba 2ϩ -resistant components of 1S,3R-ACPD-induced current. The I-V plot of Ba 2ϩ -sensitive component was obtained by subtracting I acpd in the absence of Ba 2ϩ from that in the presence of Ba 2ϩ . The identical protocols, as described in Figure 5 , were used to generate the I-V plot of Ba 2ϩ -resistant component. Voltage step size, 5 mV; pulse width, 100 msec; pulse frequency, 2 Hz.
inspiratory-modulated postsynaptic currents in a manner similar to L-AP4. There is evidence showing that 1S,3R-1S,3R-ACPD does interact with mGluR4 (Thoreson and Miller, 1994; Flor et al., 1995) ; however, a form of 1S,3R-ACPD-induced presynaptic depression involves a component that is not mediated by the L-AP4 receptor (Cahusac, 1994; Jane et al., 1994; Lovinger and McCool, 1995) . Thus, whether 1S,3R-ACPD and L-AP4 act on the same or distinct receptors to suppress synaptic transmission to PMNs remains unclear and requires further analysis.
Our data were obtained from neonates on postnatal days 0 -4. Although no significant developmental changes of response to 1S,3R-ACPD were found during this time period in our study, the potential for developmental differences might occur later. Indeed, there are changes in pharmacological profiles of mGluRs during development in other regions of brain (Baskys and Malenka, 1991; Becker et al., 1994; Manahan-Vaughan and Reymann, 1995; Mick et al., 1995; Reid et al., 1995; Vazquez et al., 1995) . Therefore, caution must be taken when contemplating the relevance of data from neonates to those of adults. Regardless of the relevance of our observations to more mature animals, our data provide information of the involvement and mechanism of mGluRs in modulation of synaptic transmission to PMNs in rats during the early neonatal period.
In summary, activation of mGluRs by 1S,3R-ACPD affects inspiratory-modulated activity of PMNs. The actions consist of decrease of synaptic transmission and increase of excitability at pre-and postsynaptic sites, respectively. The balance of these contrary actions, along with other modulatory systems (e.g., 5-HT and adenosine) (Lindsay and Feldman, 1993; Dong and Feldman, 1995) , presumably acts to ensure that the synaptic transmission of inspiratory drive to spinal respiratory motoneurons is well adjusted and produces the appropriate motor output under widely varying conditions of ventilatory drive.
